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The local electronic structure of semiconducting single-wall carbon nanotubes was studied with scanning
tunneling microscopy. We performed scanning tunneling spectroscopy measurement at selected locations on
the center axis of carbon nanotubes, acquiring a map of the electronic density of states. Spatial oscillation was
observed in the electronic density of states with the period of atomic lattice. Defect induced interface states
were found at the junctions of the two semiconducting nanotubes, which are well-understood in analogy with
the interface states of bulk semiconductor heterostructures. The electronic leak of the van Hove singularity
peaks was observed across the junction, due to inefficient charge screening in a one-dimensional structure.
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I. INTRODUCTION
Carbon nanotubes sCNTsd are promising materials, with
many possible applications due to their excellent material
characteristics.1,2 The electronic conductivity and the thermal
conductivity of CNTs can be as good as or even better than
those of noble metals. The elastic modulus of CNTs is an
order of magnitude higher than that of steel alloys. CNTs are
electronically one-dimensional s1Dd and either metallic or
semiconducting, depending on their cylindrical wrapping
structures and diameters. It is known that one can control the
electronic properties of CNTs by introducing defects,3,4
molecules,5 and chemical doping.6,7 It has been proposed
that the junction structures of CNTs might be useful in con-
structing electronic devices.3,4,7,8 For example, optoelec-
tronic devices such as light-emitting diodes can be made by
using semiconducting-semiconducting sS-Sd CNT junctions
with different band gaps. It is known that CNT junctions can
be made by fusing two neighboring CNTs with a high elec-
tric field.9
In bulk semiconductors, there often exist defect-induced
surfaces and interface electronic states in the forbidden en-
ergy gap between the valence and conduction bands.10 In
many metal-semiconductor sM-Sd and S-S junctions, the
electronic characteristics are strongly governed by the sur-
face states and interface states. Examples of this are the
Fermi level pinning and the pinning of Schottky barrier
height. When the density of interface states is much greater
than the density of bulk dopant states, the Fermi level and
Schottky barrier height do not change by very much with
increased doping density, resulting in the pinning of the
Schottky barrier height.
It was reported that there exist characteristic end states at
the end of single wall CNTs.11 The end states are in the
energy gaps of semiconducting CNTs, implying that the end
states are a 1D analogy with the surface states of bulk semi-
conductors. It was reported that interface states were ob-
served below the Fermi energy level in metal-metal sM-Md
CNT junctions.4 The decay lengths of the interface states
were reported to be ,1 nm. At M-S CNT junctions, on the
other hand, no interface state has been experimentally mani-
fested. Similarly, no interface state was reported at the kink
of an M-S CNT junction.12 One may be curious if there is
any interface state in a S-S CNT junction.
In this paper, we report on the electronic structure of an
S-S CNT junction prepared on the Aus111d surface. We ob-
tained maps of the local electronic density of states sLDOSd
using scanning tunneling spectroscopy sSTSd. We found in-
terface states at S-S CNT junctions. The interface states are
in the energy gaps of semiconducting CNTs. An interface
state shows unequal decay lengths of the two CNTs, and the
decay lengths were measured to be a few nanometers, which
are longer than that those of an M-M CNT junction.
II. EXPERIMENTS
Single-wall CNTs made with the laser ablation method
were sonicated for .1 h in dichloroethane to produce a uni-
form colloidal suspension, which remains intact for months
after settling down. We cleaned an Aus111d sample by re-
peated cycles of sputtering and annealing in an ultrahigh
vacuum sUHVd chamber. After that, a droplet of the CNTs
suspension was dispersed on the Aus111d surface with a glass
pipet. To avoid contamination in an ambient environment,
we performed this procedure in a glove box filled with pure
Ar gas, connected to the UHV chamber through a load-lock
system. When the solvent in the droplet was completely
dried on the Aus111d surface, the sample of CNTs on
Aus111d was put back into the UHV chamber with a scan-
ning tunneling microscope sSTMd. In the UHV chamber, the
sample was heated again to ,150 °C to remove the residual
solvent. Figure 1 shows typical STM images with CNTs on
Aus111d. We observed isolated and bundled CNTs in random
PHYSICAL REVIEW B 71, 235402 s2005d
1098-0121/2005/71s23d/235402s4d/$23.00 ©2005 The American Physical Society235402-1
distribution. As shown in the inset of Fig. 1sbd, we were able
to observe the well-known herringbone reconstructions on
some parts of the sample, even after these consecutive
UHV-Ar environment-UHV procedures. Occasionally, we
were able to observe CNT junctions with native defects. All
the measurements were done with our home-built low tem-
perature STM,13 which can be operated at 5 or 80 K.
III. RESULTS AND DISCUSSION
An atomically resolved STM image of a CNT is shown in
Fig. 2sad. Most surface area of the CNTs turned out to be
atomically clean and well ordered, implying that the CNT
surface is chemically stable and inert. We performed a STS
measurement with the CNT in Fig. 2sad and the result is
shown in Fig. 2sbd. Since the tunneling current sId of an STM
reflects the integrated local density of states of the sample,
from the Fermi level to the sample bias voltage V, the value
of dI /dV is approximately proportional to the local density
of state at this energy level.14 fsV / IddI /dV is often used to
normalize the bias-dependent tunneling probability.g The
LDOS of a CNT can be spatially resolved by taking a dI /dV
spectra at selected positions with regular intervals along the
center axis of CNT at a fixed tunneling gap or a constant
tunneling current. In the present experiment, the STM tip
was repeatedly scanned over the topmost line on the same
CNTs, leaving the reference current of feedback fixed at 0.5
nA, and changing the bias voltage by a small increment for
each line scan. The map of dI /dV was obtained by a lock-in
technique with a modulation signal of ,20 mV and ,3 kHz
as a function of both the position along the CNT axis and the
sample bias voltage. It is presented as a two-dimensional
image shown in Fig. 2sbd, in which brightness is proportional
to the LDOS. Figures 2scd and 2sdd are the cross sections of
Fig. 2sbd along the lines labeled as “A,” “B,” and “C.” The
vertical cross sections roughly correspond to the LDOS at
the positions “A” and “B” in the STM image of Fig. 2sad.
The position “A” is a bright point in the STM image, while
the position “B” is a dark point in the middle of two adjacent
bright points. Both LDOS curves show energy gaps, meaning
that the measured CNT is semiconducting. The LDOS curves
also show two peaks known as van Hove singularity sVHSd
peaks, which originate from the one dimensionality of
CNTs.1 The amplitudes of the two VHS peaks are about the
same in the LDOS at the position “B,” but not at the position
“A.” It shows that the spatial distribution of electronic states
strongly depends on energy levels, reflecting electronic wave
functions of the CNT. Spatial variation is also visible in the
horizontal cross section along “C” which shows periodic os-
cillation with the period of ,2.2 Å, the atomic lattice con-
stant. Our LDOS map shows that the spatial distribution of
each electronic state can be the atomically resolved in the
CNTs.
FIG. 1. Typical STM images of CNTs on the Aus111d surface.
sad 3003250 nm2. sbd 2203220 nm2. Inset shows the herringbone
reconstruction of a terrace of the Aus111d surface near CNTs.
FIG. 2. sad An STM image of a CNT. The image length is 7.6
nm. The sample bias voltage is −0.5 V. sbd Spatially resolved
LDOS of the CNT. scd Cross section of sbd along the vertical lines
of “A” and “B.” sdd Cross section of sbd along the horizontal line of
“C.”
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Figure 3sad shows bias-dependant STM images taken at
another CNT. A defect is visible in the image, as pointed out
by arrows in both images. The nature of this defect is not
clear in these images. It could be an impurity adsorbate,
structural imperfection, or a junction structure connecting
two types of CNTs. On the basis of STS data, which we will
show later, and the images with other bias voltages, we were
able to confirm that the defect is a junction. In the image
taken at +0.5 V, the pattern of the surface corrugation is very
different from other bias voltages; the defective region re-
veals a pattern over a longer period, very similar to the
s˛33˛3dR30° structure observed near the defects on graph-
ite surfaces.15 As we will discuss in the STS results, this
pattern is caused by interface states.
A spatially resolved STS map for the CNT is shown in
Fig. 3sbd and the vertical cross sections of it, along the lines
labeled as “A” and “B,” are shown in Fig. 3scd. The LDOS
curves in Fig. 3scd show different band gaps. The band gaps
were measured to be 0.9 and 0.8 eV from the measured VHS
peaks, and their chiral indices were estimated to be s15,2d
and s19,3d, respectively, from the corresponding STM im-
ages and spectroscopic features. If the band gaps are deter-
mined from the edges, they are smaller by ,0.2 eV. The
measured band gaps are larger than the theoretically ex-
pected values for given tube diameters. Such broadening of
the energy scale appears quite often when band edges are
measured with STS. Since the periodic vertical pattern of the
STS map reflects the electronic wave functions of CNT, it
explains the atomic corrugation observed in the topographic
images in Fig. 3sad; the elongated periodicity in the lower
image of Fig. 3sad agrees with that of the vertical lines
around the defect at positive bias voltages in Fig. 3sbd.
The most prominent feature in Fig. 3sbd is that there is a
localized state at the energy of +0.3 eV. Since this energy
level is a little below the conduction band edges of both side
CNTs, the localized state is a donerlike state. The donerlike
state can be understood in terms of Hückel’s rule.16 In cyclic
p-electron systems, 4n+2 sn: positive integerd number of p
electrons are more stable than other numbers of p electrons
snamely, 4n , 4n+1, 4n+3d. For n=1, cyclic rings with six
carbon atoms are more stable than those with five and seven
carbon atoms, and thus a hexagon structure is more stable
than a pentagon or a heptagon. A heptagon will try to give up
an electron to its neighbors, and so it plays the role of a
donor in a semiconducting CNTs. Similarly, pentagon struc-
tures work as an acceptor. It is known that the Stone-Wales
transformation is one of the most probable kinetic mecha-
nisms for the defect formation of CNTs, simultaneously pro-
ducing pentagon-heptagon pairs.7 When the defect is com-
posed of pentagon-heptagon pairs, it is expected to be in
donerlike and acceptorlike states at the same time. In Fig.
3sbd, there is no obvious localized state near the valence
band edge. A possibility is that the acceptorlike state is in
resonance with the valence band edge state and may not be
resolved in the LDOS measurement.
In the experiments with other CNTs, we observed accep-
torlike states, as well as doner-like states, around defects. An
example is shown in Fig. 4. The two LDOS data are mea-
sured from the same CNT at different positions snear and far
from a defectd. The LDOS data taken far s,5 nmd from the
defect shows typical spectra with a band gap for semicon-
ducting CNTs. The LDOS data taken at the defect show more
or less the same spectral shape, except that there are two
FIG. 3. sad STM image of a CNT. The image length is 7.6 nm.
The sample bias voltage for the upper image is −0.3 V and that for
the lower image is 0.5 V. sbd Spatially resolved LDOS of the CNT.
scd Cross section of sbd along the vertical lines of “A” and “B.” sdd
Cross section of sbd along the horizontal lines of “C,” “D,” and “E.”
FIG. 4. LDOS data for a CNT with a defect. Upper data was
taken at the defect, while lower data was taken far from the defect.
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more states, indicated by arrows in Fig. 4. The two states are
obviously in the band gap. The higher energy state is doner-
like and the lower energy state is acceptorlike. The ampli-
tudes of the two states are about the same, indirectly support-
ing the possible scenario for a pentagon-heptagon pair
defect.
When a junction is formed between two different semi-
conductors, there is band bending near an interface. The
band bending spreads within the charge screening lengths of
semiconductors. In our CNT junction, the charge screening
lengths can be estimated by measuring the spatial distribu-
tion of the interface states. Figure 3sdd is the horizontal cross
sections of sbd along the lines labeled as “C,” “D,” and “E.”
Since there are no visible peak states at the bias voltage of
−0.4 V, the dI /dV signal in “D” keeps oscillating with an
atomic lattice constant. At the bias voltage of +0.3 V in “C,”
the interface state shows a peak at the junction and decays
into the left and right CNTs, in convolution with atomic cor-
rugation. For an interface state, the imaginary part of the
wave vector is proportional to uEb−«du1/2, where uEb−«du is
the difference between the conduction sor valenced band
edge and the energy of interface state. Thus, the interface
state decays faster to the left than to the right. The screening
lengths are estimated to be ,2 nm to the left CNT and
,3 nm to the right CNT.
Another feature we see in Fig 3sbd is that the VHS peaks
of the left CNT leak into the right CNT, and vice versa. This
is clearly visible in the cross section fFig. 3sdd, “E”g. The
amplitude of the VHS peak gradually decreases as the mea-
surement position moves across the junction. It does not van-
ish at the junction, but keeps decreasing even after crossing.
Our S-S CNT junction is a model system for a 1D semicon-
ductor junction. The observed electronic leak is made pos-
sible by a low-dimensional effect. Due to the reduced dimen-
sion, the charge screening in 1D is less efficient than in bulk
structures, allowing the leak of the electronic states at a junc-
tion. The electronic leak was observed only within the mea-
sured screening lengths.
IV. SUMMARY
The electronic structures of semiconducting CNTs are
spatially resolved. There are spatial oscillations in the elec-
tronic density of states in the period of atomic lattice. In an
S-S CNT junction, we found a localized interface state. The
interface state in the energy gap is donerlike, which possibly
originats from a heptagonal atomic structure. The interface
state shows unequal decay lengths to the two CNTs, and the
decay length was measured to be a few nanometers, longer
than in a M-M CNT junction. We observed the electronic
leak of the van Hove singularity peaks across a junction,
implying inefficient screening in a 1D structure.
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